This article introduces an improved approach for the characterization of in-plane rigid-body vibration, based on digital processing of stroboscopic images of the moving part. The method involves a sample preparation step, in order to pattern a periodic microstructure on the vibrating device, for instance by focused ion beam milling. An image processing method has then been developed to perform the optimum reconstruction of this a priori known object feature. In-plane displacement and rotation are deduced simultaneously with a high resolution (10 −2 pixel and 0.5 × 10 −3 rad. respectively). The measurement principle combines phase measurements -that provide the high resolution -with correlation -that unwraps the phase with the proper phase constants.
I. INTRODUCTION
The measurement of static or dynamic in-plane displacements is of acute relevance, eg for the characterization of micro-devices (MEMS, MOEMS) 1, 2 , the control of local probes in near-field scanning microscopy 3, 4 or the detection of living cell motions 5 . Most analytical techniques are based on optical methods and first results were obtained with holographic or speckle interference set-ups [6] [7] [8] . The continuous improvement of solid-state semi-conductor devices allowed improved performances and automation of these methods. Laser Doppler vibrometry (LDV) 9, 10 and electronic speckle pattern interferometry (ESPI) 11, 12 have become reference techniques for the measurement of in-plane displacements in both static or dynamic regimes and for one point or full field analyses.
As an alternative to the quite sophisticated optical methods, several research groups have attempted the measurement of in-plane displacements by direct object observation and digital image processing. In these cases, the useful image texture is formed either by the object structure itself [13] [14] [15] [16] , by laser speckle 17 , or by an artificial pattern 18 . In order to reach subpixel or submicrometer resolutions, high signal to noise ratios are required and scientific grade cameras are often preferred.
The detection of in-plane rotation is usually derived from the observation of the local displacement direction at different points, for instance by using a scanning interferometric method 19 . A direct access to in-plane rotation angle with a high resolution and for vibrating objects is still lacking.
Our proposed innovation is to perform simultaneous measurements of in-plane rigid-body displacement and rotation with a high resolution and with a low cost standard vision system. The method is based on a combination of phase analysis of peculiar spatial frequencies -that correspond to a periodic pattern printed on the object surface -and usual image correlation.
A stroboscopic illumination allows the full characterization of the vibration modes of the device under investigation. The method is based on the processing of a set of periodic shapes printed on the vibrating target and observed with a sufficient contrast with respect to the sample background. Because of this necessary sample preparation, the method can not be applied to any kind of vibrating elements. Cells and most biological material can not be addressed by the proposed method. However, for many man-made devices, the required preparation can be integrated in the fabrication process or realized afterwards with minimal disturbance of the device behavior.
The use of periodical patterns has been reported for the high resolution measurement of both one-dimensional 20, 21 and two-dimensional displacements [22] [23] [24] . In a work reported previously 24 we have suggested the use of a set of periodic points as reference target. In that approach, the high resolution is obtained through wavelet transforms and spatial phase analysis, while the removal of 2π phase ambiguities is based on the detection of the pattern borders. The latter requires an excellent image quality for avoiding errors of a multiple of the pattern period and is well suited mainly for applications in which the dot pattern can be observed by transmission. If the dot pattern has to be observed in reflection, the border detection was found to be very sensitive to image defects, leading to large errors in position reconstruction. These problems are solved as follows: the high resolution is still provided by spatial phase analysis while the coarse position that is required for phase ambiguity removal results from image correlation. The method can be applied successfully to poor quality images of the dot pattern. The requirements on the vibrating object surface quality are then released and the potential field of application is significantly widened.
For instance, the vibration modes of a quartz tuning fork were fully characterized through accurate measurements of both displacement and rotation. Excellent results were obtained either with a dot pattern directly milled on the prong surface or etched on a thin glass plate stuck on the prong end.
II. POSITION AND ORIENTATION MEASUREMENT
The challenge of position detection by vision is well known and is represented in Fig.1 .
In our case, the mobile object is processed to produce a high contrast pattern of regularly distributed dots. The object position is thus referenced by the coordinate system (c, x, y) formed by the center and axis of the dot pattern. Then the reconstruction of the object position, orientation and displacement requires the accurate location of the target image coordinate system (c , x , y ) within the image sensor pixel frame referenced by the coordinate system (O, u, v) .
The a priori knowledge of the object features is used, taking advantage of the periodicity of the dot pattern. The image processing is based on digital analysis of spatial frequencies of the dot pattern. In fact, only the first spectral components -i.e. the fundamental frequencies -are used in the processing. So let us define the modulation of the target visibility T (x, y) in the object plane as:
where ∆ x , ∆ y , N x and N y are the periods of the dot pattern and the number of dots in the x and y directions respectively; rect(x/X) stands for the usual rectangle distribution of width X. In the detection plane, the target image T (x , y ) is given by:
where γ is the imaging system magnification. The target image is detected by the image sensor referenced in the (O, u, v) coordinate system. With respect to the image sensor, the coordinate system (c , x , y ) appears with a rotation angle α. Then the target image as available numerically can be expressed by:
where (u c , v c ) are the image coordinates of the dot pattern center and * stands for the convolution operation. The Fourier spectrum of the dot pattern image can be expressed as:
where ξ, η are reciprocal variables of u and v; ξ x = cos α/γ∆ x ; η x = sin α/γ∆ x ; ξ y = −sin α/γ∆ y ; η y = cos α/γ∆ y and: Figure 3 presents the modulus of the Fourier spectrum of the dot pattern of Fig.2 . This
Fourier spectrum is made of 9 clearly separated main lobes and expressed as:
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In Eq. (7) the center coordinates appear only in the pure phase term:
applied to the other terms that are independent of the center position. Therefore the retrieval of the center coordinates requires the correct identification of this phase term. This operation can be carried out by processing any component of the Fourier spectrum provided that the phase term can be identified. In our case we choose to work with the fundamental dot pattern frequencies (ξ x , η x ) and (ξ y , η y ), as indicated in Fig.3 , corresponding to the terms underlined in Eq. (7). We apply successively two spectral filters with a narrow bandwidth in order to extract the lobes centered on (ξ x , η x ) and (ξ y , η y ) respectively. By inverse Fourier transform of the filtered spectra we generate numerically two digital images Im x and Im y expressed by: performed by using the following procedure: in a first step the phase is unwrapped with an arbitrary phase constant in order to obtain a linear phase variation over a significant area. the appropriate area for this phase unwrapping can be chosen a priori as in our case. If displacements can be large (tens of pixels), the area suitable for phase unwrapping is driven by the modulus of Im x and Im y that determines coarsely the dot pattern location. These phase maps are then fitted by a plane surface at the least square sense. We obtain two phase 6 plane equations:
where (8) and (9), they can be identified to the estimated values of ξ x , η x , ξ y , η y respectively. Therefore we can deduce the dot pattern image orientation and periods to be:
The vision system magnification can also be obtained from Eq. (12) and (13) 
Eq. (15) and (16) . Here, the removal of phase ambiguities by correlation was found to be much more robust than the outline detection used before
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. For instance, no difficulty was induced by the noise level and illumination non-uniformity of Fig.2 , whereas it was very problematic for the former outline detection.
The following additional remarks regarding the limitation and possible extension of the proposed methodology may be pointed out:
• The angle is retrieved here modulo π/2 because of the symmetry of the dot pattern.
Unambiguous 360 degrees determination can be obtained by breaking the dot pattern symmetry; for instance by removing one dot in a corner and identifying the right quadrant by correlation.
• The position could not be retrieved by correlation without preliminary angle determination. Therefore phase computations are necessary and furthermore provide a better resolution than image correlation.
• This processing can be seen as a two-dimensional extension of the method proposed by Takeda for single line demodulation in profilometry by fringe projection
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III. APPLICATION TO IN-PLANE VIBRATION MODE CHARACTERIZATION
The developed method for position measurement by vision was applied to the characterization of in-plane rigid-body vibration. We worked on a 32768 Hz quartz tuning fork of the kind used for scanning probe microscopy with shear force control. In these applica- Hz for the FIB specimen for the fundamental mode) but the vibration amplitude remained very close (difference less than 2%). Experiments reported here concerns the FIB specimen.
In this case the dot pattern period is 3µm, as was attested by scanning electron microscopy.
Therefore it could be used as a reliable size reference. The prong section is 320 × 590 µm 2 while its length is 6 mm. The experimental set-up used is presented in Fig.8 . There are two possible solutions for the observation of the prong amplitude:
• The LED is strobed at the tuning fork frequency; so the prong is observed while it is exactly at the same position for every period. A phase delay between the tuning fork excitation and the LED illumination has then to be introduced step by step in order to explore the prong displacement over one period.
• A slight frequency shift is introduced between the LED illumination and the tuning fork excitation; so there is a slight displacement of the prong between consecutive light pulses. The prong is then observed at a position varying continuously at a frequency given by the frequency difference between LED illumination and tuning fork excitation. In this case, each image of the prong corresponds to an integration of its position over a fraction of the period. This introduces a slight smoothing of the measured displacement whose effect increases with the frequency difference.
In our case, the LED was excited with a frequency shift of 2 Hz with respect to the tuning fork excitation. Therefore the apparent prong frequency is also 2 Hz and is sampled at the 9 25 Hz video rate of the CCD camera. This trade-off was chosen because a sufficient sampling rate of 12.5 points per period is kept, and because a signal to noise enhancement by signal filtering in the frequency domain is allowed since the information of interest is shifted at 2
Hz. This is of prime interest in order to get rid of lower frequency drifts due to environmental disturbances. In these operating conditions, the resulting displacement smoothing due to the 8% duty cycle of illumination and to the 2 Hz frequency shift remains small and was ignored in the following. If necessary those effects can be evaluated analytically and taken into account in the results.
[ FIG. 9 about here.]
The different vibration modes of the tuning fork were analyzed, but we report only on results obtained with higher order modes since they introduce smaller displacements. They are therefore of interest for scanning probe microscopy and they are more difficult to measure. At 50 mV excitation, the prong displacement does not appear in the plotted results.
However, since the prong is known to be observed with an apparent frequency of 2 Hz, its displacements can be searched in the frequency domain. Fig.10 presents the power spectrum of the measured displacements of Fig.9 . A sharp peak appears at 250 mV excitation as expected from the displacement plot. At 50 mV excitation, this tuning fork vibration peak is still present in the spectrum but with a reduced amplitude. As expected, this peak disappears in the third spectrum since the tuning fork is not excited. This figure demonstrates the interest of the chosen solution for a frequency separation of the low frequency noise, due to the set-up instabilities, from the actual prong displacement. By performing a suitable bandpass filtering in the frequency domain, the vibration amplitude can be extracted from the noise.
[ FIG. 11 about here.]
We thus reconstructed the calibration curve of the prong displacements for the overtone mode as presented in Fig.11 for both directions. We observe a linear dependence of the vibration amplitude against the excitation voltage. In these experimental conditions, the displacement axis is tilted by 4.9 degrees with respect to the vertical camera axis. Deviations The rigid-body rotation of the inspected specimen is also accessed by the developped method. This is demonstrated in Fig.12 which presents the evolution of the angle α for a sequence of 400 images. This measurement was performed at a frequency of 181552 Hz -i.e. for a vibration mode involving a significant torsion of the prongs and for a 4 V excitation. The measured mean angle corresponds to the orientation of the dot pattern with respect to the pixel frame, while the angle variation shows the actual torsion of the prong. Again the 2 Hz frequency carrier allows a signal extraction by bandpass filtering.
We were able to reconstruct the calibration curve of the rotation angle amplitude against the excitation voltage for this vibration mode, as represented in Fig.13 . Again we observe a linear dependence with a measurement threshold of about 0.002 degrees. For these rotation measurements, we obtain two estimates of the angle α as given by Eq. (14) . In practice, the noise level was found to be dependent on the selected estmation data: a lower noise level is obtained when the angle is estimated by processing the image data along columns (line pattern almost horizontal as in Fig.4 ) rather than along lines (Fig.5 ).
This phenomenon is already known and is due to the unperfect electronic triggering of the video line-start signal. Indeed, columns are free from such a phenomenon since the column signal corresponds to the actual pixel structure without electronic processing. 
